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Abstract 1 
Earthworms were exposed to soils amended with sewage sludges from a wastewater treatment plant 2 
(WWTP) treated with nanomaterials (ENMs) or metal/ionic salts. Sewage sludges were generated with 3 
either no metal added to the WWTP influent (control), ionic ZnO, AgNO3 and bulk (micron sized) TiO2 4 
added (ionic metal-treated) or ZnO, Ag and TiO2 ENMs added (ENM-treated). A sandy-loam soil was 5 
amended with the treated sewage sludge and aged in outdoor lysimeters for six months. Earthworms 6 
were exposed to the aged mixtures and a dilution of the mixtures (using control soil-sludge mix). 7 
Separate earthworm exposures to as-synthesized ENM and ionic metals salts (Zn/Ag singly) were 8 
carried out in the same soil. Earthworm reproduction was depressed by 90% in the high-metal ENM 9 
treatment and by 22-27% in the ionic metal and low-metal ENM soil-sludge treatments. Based on total 10 
metal concentrations in the soil-sludges the as-synthesised metal salt and ENM exposures predicted Zn 11 
was driving observed toxicity in the soil-sludge more than Ag. Earthworms from the high-metal ENM 12 
treatment accumulated significantly more Ag than other treatments whereas total Zn concentrations in 13 
the earthworms were within the range for earthworm Zn regulation for all treatments. This study 14 
suggests that current Zn limits set to provide protection against ionic metal forms may not protect soil 15 
biota where metals are input to WWTP in the ENM form. 16 
17 
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 25 
Introduction 26 
The growing use of engineered nanomaterials (ENMs) in numerous consumer products has led to an 27 
increase in their environmental inputs. ZnO, Ag and TiO2 are among the most commonly used ENMs 28 
in consumer products such as cosmetics, personal care products, paints and antimicrobial treatments. A 29 
major transfer of ENMs from the point of use will be through sewer systems into wastewater treatment 30 
plants (WWTP). Within WWTP, ENMs have been shown to largely partition to sludge1,2,3 the majority 31 
of which is subsequently applied to agricultural land as a fertiliser in many regions including the U.S. 32 
and the E.U..4 Such disposal of sludge may result in the release of ENMs, or their transformation 33 
products, to soil ecosystems where they may cause toxicity to soil biota and/or enter food webs. As the 34 
environmental risk is yet to be fully understood, studies that simulate relevant exposure pathways 35 
relating to sludge application to land are clearly necessary to assess any potential impacts to soil biota 36 
of the incorporation of ENMs or their transformation products into sludge subsequently applied to land. 37 
As-synthesised/as-manufactured nanoparticulate forms of ZnO and Ag have been shown to affect 38 
survival and life history traits of soil invertebrates, such as reproduction and growth. Ag ENMs often 39 
show effects at lower concentrations than Zn ENMs.5-9 For ZnO and Ag ENMs, dissolution to their 40 
ionic forms in the soil porewater often has been related to observed toxicity,6-8 although this is not 41 
always the case.9 In contrast, TiO2 ENMs show extremely low solubility10, 11 so dissolution products are 42 
unlikely to play a role in observed effects.11, 12 Indeed, compared to ZnO and Ag ENMs, TiO2 ENMs 43 
have shown relatively low toxicity to soil organisms; higher concentrations of TiO2 ENMs are needed 44 
in the soil to cause mortality or reproduction effects compared to Zn or Ag.5 The bioavailability of 45 
ENMs to soil invertebrates has also been assessed by measuring the whole body metal concentrations 46 
of earthworms. In some cases tissue Ag and Zn tissue concentrations in ENM-exposed earthworms may 47 
reach concentrations which would normally result in mortality in equivalent ionic exposures but without 48 
the expected mortality effect occuring.7, 8 This suggests that the form in which soil invertebrates are 49 
exposed to metals (either as ENMs, ionic metal or a mixture of both) exerts important controls on metal 50 
handling and toxicity. 51 
Previous soil invertebrate toxicity studies have largely considered only exposure to as-synthesised 52 
ENMs and not environmentally realistic scenarios where ENMs may have been transformed (for 53 
example in WWTP) into physicochemically distinct end products. In the WWT process Ag ENMs are 54 
completely sulfidised,1, 13-15 while ZnO ENMs have been shown to become sulfidised, phosphatised or 55 
associated with FeO(OH).1 In contrast, TiO2 is expected to be much less likely to transform chemically, 56 
although surface properties and agglomeration/aggregation state may be altered. The only studies we 57 
are aware of investigating ENM toxicity after transformation by the WWT process found that ENM-58 
containing sludge applied to soil inhibited nodulation in the model legume Medicago truncatula which 59 
could be linked with the down-regulation of genes involved in general stress responses, metal 60 
homeostasis, nodulation and nitrogen metabolism.16, 17 Some adverse ecosystem responses to Ag ENMs 61 
in biosolids were found when applied to mesocosms; there were significant changes to microorganism 62 
abundance, function and community composition.18 Other studies that investigated effects of ZnO 63 
ENMs in sewage sludge applied to soils found only slight effects on earthworm cocoon production and 64 
reduction in plant biomass (wheat, radish and vetch).19,20 These studies concluded that ZnO ENMs in 65 
sewage sludge pose a low environmental risk, although mostly in the latter studies as-synthesised ENMs 66 
were directly added to sludge rather than passed through the full WWT process.19, 20 Thus there is still 67 
very little known about how transformed particles will behave in the environment and their subsequent 68 
bioavailability and toxicity to soil biota.  69 
Earthworms are keystone species in terrestrial environments, integral to organic matter turnover in the 70 
soil, and so are a key group for which to assess the effects of amending soils with treated sludges with 71 
ENM inputs. In this study, earthworms were exposed to soils amended with sewage sludge generated 72 
by a pilot full WWTP.1 Sewage sludges were generated where either no metal was added to the WWTP 73 
influent (control); non-ENM metal salts ZnSO4, AgNO3 and bulk metal (micron-sized) TiO2 were added 74 
to the influent (ionic metal treatment), or ZnO, Ag and TiO2 ENMs were added to the influent (ENM 75 
treatment).1, 16, 17 The bioavailability and toxicity of the metals in the different soil-sludge treatments to 76 
earthworms were compared by considering the metal concentration in the soil and the total body metal 77 
concentrations in the earthworms, linking to effects on the key life history traits of growth and 78 
reproduction. Toxicity data from as-synthesised Ag/ZnO ENM and Ag/Zn ionic metal salt single 79 
exposures were used to predict effects of the total Zn and Ag concentrations in the soil and the total Zn 80 
and Ag concentrations in the earthworms from the soil-sludge exposures. Given that TiO2 is known to 81 
have little or no toxicity for earthworms at the concentrations in the soil-sludge treatment5,11,12 and are 82 
unlikely to transform, Ti was not considered as a toxicant in this study. 83 
 84 
Materials and Methods 85 
Soil-sludge mixtures for toxicity tests 86 
The sludge generation and soil-sludge mixtures are described in detail in Ma et al 20141 and Judy et al 87 
201516 respectively. In brief, a sandy loam soil (Woburn, U.K.) was amended with sewage sludge 88 
derived from spiking WWTP influent with either (1) ZnO (30 nm uncoated described previously1), Ag 89 
(50 nm stabilized with a 55 kDa average molecular weight polyvinylpyrrolidone (PVP) previously fully 90 
described21) and TiO2 (27±7.5  nm, Sigma Aldrich, (Figure S1, Supporting Information)) ENMs (ENM 91 
sewage sludge), (2) ZnSO4, AgNO3 and micron-sized TiO2 (ionic/bulk metal sewage sludge) or with 92 
(3) no metals (control).  The intended concentration for Zn in the sludge was 2800 mg Zn/kg dry mass, 93 
based on the current U.S. cumulative pollutant loading limit for Zn in soils amended with biosolids 94 
(2800 kg Zn/ha).22 Ag and Ti loadings were set to give intended sludge concentrations of 100 mg Ag/kg 95 
and 2400 mg Ti/kg (dry mass), respectively, based on percentiles (98th) of concentration from the U.S. 96 
targeted national sewage sludge survey.16 A total of 40 kg of dry sludge (160 kg of wet sludge at 25 97 
weight % solids) were produced from each plant1 (ENM, ionic metal and control) to be used in plant 98 
studies16,17,23 and in this current earthworm study. Sludges were air-dried at Rothamsted Research (UK) 99 
and mixed with the sandy loam soil in a ratio of 0.58:0.42 soil:sludge, to give a target Zn concentration 100 
of 1400 mg Zn/kg dry soil in the ionic metal treatment.16 The ratio of sludge to soil was based on the 101 
current U. S. EPA cumulative pollutant loading limit for Zn and was selected following the guidelines 102 
within Guide to the Biosolids Risk Assessments for the EPA, CFR 40 Part 503, which results in a 1:1 103 
soil: sewage sludge ratio in the top 15 cm of soil following 10 years of application at the maximum 104 
allowable concentration of Zn in sludge.16 The soil-sludge mixtures were aged in freely–draining 105 
outdoor lysimeters for six months23 to create a set of ‘aged’ soil-sludge mixtures. Earthworms were 106 
exposed to five aged soil-sludge treatments; three of the treatments were the 0.58:0.42 soil:sludge 107 
mixture treatments: (1) control soil-sludge (no metal addition) (2) high-metal ENM soil-sludge, (3) 108 
high-metal ionic metal soil-sludge and the two other treatments were the high-metal ENM or ionic metal 109 
soil-sludge treatments mixed with control soil-sludge in a 1:1 ratio giving a (4) low-metal ENM soil-110 
sludge and (5) a low-metal ionic metal soil-sludge (Figure S2, Supporting Information). To confirm 111 
that the earthworm reproduction was above the minimum number stipulated by OECD guidelines (>30 112 
juveniles), a soil control (Woburn sandy loam soil) without any sludge amendment was also included 113 
as a fully replicated test treatment. 114 
 115 
Experimental design and toxicity test procedure  116 
The soil-sludge mixtures were distributed in four replicate containers each containing 300 g dry weight 117 
of the soil-sludge mix. There were also eight soil controls, each containing 550 g dry weight giving a 118 
comparable volume of soil to the soil-sludge mixtures due to differences in the bulk densities of the test 119 
media. All soils were wet to 50% of their respective water holding capacities (Table 1) using de-ionised 120 
water and left for ten days before the organisms were introduced. Eisenia fetida were initially obtained 121 
from a commercial source (Blades Biological, Kent, UK) and maintained in culture soil in a controlled 122 
temperature room at 20  1 °C in a 12:12 hour light:dark cycle.8 The toxicity test procedure followed 123 
the OECD guideline 222 (earthworm reproduction test (Eisenia fetida/andrei)). Groups of ten fully-124 
clitellated earthworms (average weight 10 worms = 3.41 ± 0.2 g, Mean ± SD, n=28) were rinsed, excess 125 
moisture removed with paper towel and weighed as a batch before being added to each replicate 126 
container. Horse manure (10 g dry weight), wetted to 80% of its water holding capacity, was added to 127 
the soil–only control treatments as food.24 No food was added to the soil-sludge treatments as the sludge 128 
provided a food source for the earthworms that also allowed for oral exposure.25 The earthworm 129 
exposure containers were kept in a controlled temperature room at 20 ± 1 oC under a 12:12 hour 130 
light:dark cycle. After 14 and 28 days of incubation, earthworm survival and batch weight were 131 
measured.   Surviving adult earthworms were removed from the test containers after 28 days and three 132 
earthworms from each replicate were rinsed to remove adhered soil and then kept individually on clean 133 
filter paper for 24 hours to allow them to purge their gut contents7, 8. This ensured that minimal soil was 134 
left in the earthworm prior to tissue Ag and Zn analysis. The soil-sludge mixtures were the incubated 135 
for a further 28 days to allow juveniles to hatch from laid cocoons. The number of juveniles was counted 136 
as previously described.8 137 
 In order to compare the toxicity observed in the ENM and ionic metal soil-sludge mixtures, single 138 
compound earthworm exposures (i.e. separate exposure were set up for each compound so they were 139 
not added as mixture) to as-synthesised ZnO ENM (30 nm uncoated)7 and PVP-coated Ag EMM as 140 
well as Zn (Zn(NO3)2)and Ag (AgNO3) salts (Sigma Aldrich, UK) were set up and run using the same 141 
procedures as for the soil-sludge exposures (i.e. 28 days survival test and 56 day reproduction test). The 142 
same sandy loam (Woburn) soil was spiked with the ENMs or salt, either Zn (100, 225, 500, 1100, 2200 143 
mg Zn/kg) or Ag (9, 22.5, 56.3, 141, 352, 880, 2200 mg Ag/kg), in triplicate according to the protocol 144 
previously described.8 Spiked soils were wet to 50% of the water holding capacity (Table 1) and after 145 
one week ten adult earthworms were added to each test replicate. The toxicity test set up and duration 146 
followed the same as for the soil-sludge experiments above and previously described test protocols.7, 8 147 
Three surviving adult earthworms were prepared and stored for tissue Zn or Ag analysis in the same 148 
manner as for the soil-sludge treatments. It was not possible to carry out these as-synthesised exposures 149 
in the control soil-sludge due to the limited amount that could be produced by the pilot WWTP. 150 
 151 
Soil porewater extraction 152 
Soil porewater has been identified as an uptake route for ionic metal in soils.26 27, 28 To get a better 153 
measure of metal reactivity in the soil, the soil porewater was extracted by centrifugation from each 154 
replicate of the soil-sludge mixtures at the end of the exposure period (56 days), before the juveniles 155 
were counted. Two 20 g (25 g from the soil control) (dry weight equivalent) soil samples, for separate 156 
Zn and Ag analysis, were collected from each of the treatment replicates, saturated to 140 % of the 157 
water holding capacity of the soil-sludge mixture and equilibrated overnight before porewater was 158 
extracted following the extraction protocol described in Whitley et al 2013 but with two amendments 159 
to the protocol.29 The soil sample extracted for Ag was filtered through glass wool and ultra-filters that 160 
were pre-soaked in a 0.1 M CuSO4 solution to minimise Ag ion adsorption and losses.8, 30 The samples 161 
were centrifuging at 4000 g for 1. 5 hours (J2-HC, Beckman Coulter, California, USA) to achieve 162 
maximum porewater extraction from the soil. A total of 5 ml of the extracted porewater was placed in 163 
a 10 kD ultra-filtration device (Amicon Ultra-15 Filters, Millipore, Ireland) and centrifuged for 1.5 164 
hours at 4000 g.8 The extracted porewater and ultra-filtered porewater from each replicate were analysed 165 
for Ag or Zn using ICP-OES and pH measured (Sartorius Professional Meter PP-25, Sartorius AG, 166 
Goettingen, Germany; combination pH probe, filled with 3M KCl). 167 
 168 
Chemical analysis   169 
Approximately 0.75 g of air-dried soil and soil-sludge mixtures or 0.5 g of freeze–dried whole 170 
earthworm were refluxed with a 3:1 mixture of hydrochloric and nitric acids (Merck, ‘Aristar’ grade) 171 
at 140°C for 2.5 h. After digestion the solutions were allowed to cool and then filtered using Whatman 172 
number 540 (12.5 cm diameter) filter papers that were pre-soaked with a 0.1 M CuSO4 solution (Sigma-173 
Aldrich, ‘purum’ grade). Digests were made up to a final volume of 50 ml with 0.5% v/v nitric acid and 174 
stored at 4°C prior to analysis for either Ag or Al and Zn. A 1 ml aliquot of porewater was digested 175 
with a 3:1 mixture of hydrochloric and nitric acids (Merck, ‘Aristar’) using closed Teflon vessels in a 176 
microwave digestion system (CEM Corporation, MARSXpress). The digests were heated to 180°C over 177 
a period of 30 minutes and then held at this temperature for a further 30 minutes. Digests were allowed 178 
to cool and then made up to a final volume of 50 ml with 1% v/v hydrochloric acid. The soil, porewater 179 
and earthworm digests were analysed by inductively coupled plasma mass spectrometry (ICPMS) using 180 
a Perkin Elmer Nexion 300D ICPMS instrument. The details of the procedures for checking the 181 
efficiency of the digestions, digest dilutions and instrument calibration are in the Supporting 182 
Information. For the primary element of interest, Ag, the ICPMS instrument detection limit was 0.14 183 
µg/l (mean blank + 3σ reagent blank, n=10) and the instrument method had a precision of 1.4 % (CoV, 184 
at 5 µg/l, n = 10). 185 
Total metal concentrations in the earthworms were corrected, if necessary, for metal due to soil residues 186 
remaining in the gut following depuration. This was done using the total Al concentrations in the soils 187 
and earthworms. Aluminium was used to correct as it is naturally present at readily detectable 188 
concentrations in the soil and largely present in non-bioavailable forms, thus the concentrations in the 189 
worms could be attributed to residual soil present in the gut rather than to uptake into the tissues. 190 
The expression used for correction was   191 
{M}worm,corr = {M}worm – m*{Al}worm                        (1)  192 
where {M}worm and {Al}worm are the measured metal and Al concentrations in the worm and {M}worm,corr 193 
is the corrected tissue concentration. The term m is the slope of the linear regression of the measured 194 
worm metal against the measured worm Al. Separate regressions were done for body burden 195 
concentrations of worms exposed to each soil-sludge mixture. Significant relationships (regression 196 
p < 0.05) were found for Al and Ag or Zn concentrations in worms exposed to either the ionic metal or 197 
ENM-treated sludges, so corrections were applied to the total Ag and Zn concentration in the 198 
earthworms from these exposures.  199 
 200 
Data analysis 201 
Survival, weight change and reproduction were first checked for normal variance structure using the 202 
Anderson-Darling normality test and log transformed if required. Comparisons of survival, 203 
reproduction, and weight change, total Ag and Zn concentrations in the earthworms, total and ultra-204 
filtered metal concentrations in the porewaters across all the treatments were carried out in Minitab 16 205 
using analysis of variance (ANOVA). Where significant differences were found, the Tukey test was 206 
used to identify the pattern of significant differences among treatments. Total and ultra-filtered 207 
concentrations for each treatment were also compared using an unstacked ANOVA.  208 
To estimate response parameters for the as-synthesised ENMs and metal salts earthworm exposures, 209 
data for reproduction (juvenile production rate) was used to fit a three-parameter log-logistic model 210 
(Equation 2) to obtain estimates for the EC50 values based on total metal in the soil and total metal 211 
concentrations in the earthworms. Models were fitted in the form: 212 
y = ymax/(1+(cc/EC50)exp(b))           (2) 213 
Where ymax is the upper asymptote, EC50 is the concentration (soil/body) resulting in a 50% effect on 214 
the measured endpoint (EC50) and b the slope parameter. Model fits to derive parameters with associated 215 
standard errors were completed using SigmaPlot. EC25 and EC90 values were also estimated from the 216 
dose response curves. 217 
 218 
Results 219 
Test validation 220 
The earthworms in the sandy loam soil control produced more than the minimum 30 221 
juveniles/individuals (39 ± 10 juveniles; Mean ± SD; n=6) thus validating the test procedure.24  The 222 
earthworms in the control soil-sludge treatment both gained more weight, 29 ± 11% weigh increase 223 
compared to a 4.5 ± 4.9% weight loss in the soil control and produced 2.5 times more juveniles (97 ± 224 
14.6 juveniles, n=4) than the earthworms in the soil control over the test (Table 2). This improved 225 
performance of the sludge–exposed earthworms is likely to be related to the superior quality of food in 226 
the organic–rich sewage sludge compared to the soil control. Hence to identify adverse effects of the 227 
sludge treated with ENM or ioinic metal all comparisons were made to the control sludge treatment 228 
throughout the study and not the soil control.  229 
For the as-synthesised Ag and Zn ENM and ionic metal exposures in the sandy loam soil, concentration–230 
response relationships were obtained for all exposures. It was possible to calculate EC25, EC50 and EC90 231 
values based on the total Ag or Zn concentration in the soil and the total Ag and Zn concentration in 232 
the earthworms in all cases (Table S1, Supporting Information). 233 
 234 
Soil metal concentrations and earthworm responses 235 
The metal concentrations in the ENM and ionic metal soil-sludge mixes are shown in Table 1. The Zn 236 
concentrations were close to the target value of 1400 mg/kg, being on average 114% and 97% of the 237 
target in the high-metal ionic and ENM treatments respectively. Recovery of Ag was also close to the 238 
intended Ag concentrations, being 111% and 94% of the target in the ionic and ENM mixtures 239 
respectively (Table 1). 240 
Earthworm survival and reproduction were clearly decreased more in the high-metal ENM soil-sludge 241 
treatment compared to all other treatments (Figure 1, Table 2). Earthworm survival was reduced by 242 
25% and reproduction was significantly reduced by 90% compared to the control soil-sludge treatment 243 
(ANOVA: F = 110.25, p<0.001) (Table 2). In comparison the ionic metal soil-sludge treatments and 244 
the low-metal ENM treatment reduced reproduction, although not significantly, by 25-30 % compared 245 
to the control soil-sludge (ANOVA: F = 2.55, p = 0.12) (Figure 1) and there was 100% survival (Table 246 
2). Earthworm weight change did not vary significantly across any of the soil-sludge treatments 247 
(ANOVA: F = 2.07, p = 0.135) (Table 2). The Zn concentrations in each of the soil-sludge treatments 248 
were above the EC25 and EC90 effect concentrations for the ionic metal and low metal ENM as-249 
synthesised exposures, respectively (Figure 1a, Table S1). Only the EC90 value for the as-synthesised 250 
Zn ENM (1926 mg Zn/kg) was above the Zn concentration in the high metal soil-sludge treatment (1690 251 
mgZn/kg).  In the case of Ag, all the soil-sludge treatments with the exception of the high metal ENM 252 
treatment had higher Ag soil concentrations than the EC25 or EC90 effect concentrations in the ionnic 253 
metal as-synthesised concentration-response curves (Figure 1b). The Ag soil concentration high metal 254 
ENM treatment (94 mg Ag/kg) was most similar to the ionic metal as-synthesised EC90 value (74 mg 255 
Ag/kg and indeed feel along as-synthesised ionic metal DRC.  256 
 257 
Total metal concentrations in the earthworms 258 
Earthworms exposed in the control soil-sludge had significantly higher total Ag concentrations (0.881 259 
± 0.129 µg Ag/g), than those from the soil control (0.036 ± 0.011 µg Ag/g), although both had 260 
significantly lower total Ag concentrations than in all other treatments (Figure 2b, Table 2). Total Ag 261 
concentrations in earthworms from the ENM and ionic metal soil-sludge treatments were only 262 
compared to those from the control soil-sludge. The total Zn concentrations in the earthworms across 263 
all the soil-sludge treatments ranged from 86.9 ± 26.4 µg Zn/g to 122 ± 11.8 µg Zn/g (Figure 2a, Table 264 
2). Exposure of earthworms to the ionic metal and ENM soil-sludge treatments did not result in 265 
significantly higher total Zn concentrations in earthworms compared to the control soil-sludge (Figure 266 
2a). Total Zn concentrations in earthworms from the soil-sludge treatments were all below effect 267 
concentrations (EC25/EC90) shown in the concentration-response curves from the as-synthesised ionic 268 
metal and ENM Zn exposures (Figure 2a). There was a poor correlation between total Zn concentrations 269 
in earthworms and the observed effect on reproduction across the soil-sludge treatments (r2=0.007). 270 
This suggests that Zn exposure in all the mixtures was within the physiological tolerance range of the 271 
earthworms for Zn (100-200 µg Zn/g)31 although soil concentrations were above what would usually 272 
be tolerated in as-synthesised Zn exposures.  273 
Earthworms exposed in the high-metal ENM soil–sludge treatment had significantly higher total Ag 274 
concentrations than earthworms from all of the other treatments, with the exception of the low-metal 275 
ionic metal soil-sludge treatment (Figure 2b, Table 2). There was a strong relationship between the total 276 
Ag concentrations in earthworms from the soil-sludge treatments and the observed effects on 277 
reproduction (r2=0.864). Earthworm from the soil-sludge treatments had total Ag concentrations that 278 
were also less than the effect concentrations (EC25/EC90) seen in the concentration-response curves from 279 
the as-synthesised ionic metal and ENM Ag exposures (Figure 2b, Table S1).  However the earthworms 280 
from the high-metal ENM soil-sludge treatment accumulated significantly more Ag than those in other 281 
treatments (9 mg Ag/kg) which was most similar to the EC90 for total Ag concentrations in earthworms 282 
(10.6 mg Ag/kg) from the ionic metal as-synthesised exposure (Figure 2b). 283 
 284 
Porewater metal concentrations 285 
Zn concentrations in the soil porewater were dependent on the total soil Zn concentrations; porewater 286 
in the high-metal treatments had greater Zn concentrations than in the low-metal treatments (Figure 3a). 287 
The porewater Zn concentrations were significantly higher in the ionic metal soil-sludge treatments 288 
compared to the ENM soil-sludge treatments (ANOVA: F = 144.58, p<0.01). Ultra-filtered porewater 289 
Zn concentrations did not differ significantly from the total porewater concentrations in any of the 290 
treatments (ANOVA: F = 0.22, p > 0.05) (Figure 3a). Soil porewater Ag concentrations were 291 
significantly higher in the high-metal ENM and the two ionic metal soil-sludge treatments than in the 292 
control soil-sludge and low-metal ENM treatments (ANOVA: F = 17.09, p<0.001) (Figure 3b). 293 
Ultrafiltration significantly reduced the porewater Ag concentrations, for both ENM and ionic metal 294 
sludge treatments and Ag concentrations in the ultra-filtered porewaters did not differ across the soil-295 
sludge treatments (F = 1.35; p > 0.05) (Figure 3b).  296 
 297 
Discussion 298 
The application of sewage sludge to soils represents a realistic pathway for nanomaterials, or their 299 
transformation products, to enter terrestrial ecosystems. In order to understand, and ultimately regulate, 300 
the use and input of nanomaterials into the environment it is necessary to assess the risks resulting from 301 
land application of sludge produced from WWTP receiving inputs of nanomaterials, in scenarios that 302 
are realistic and representative of the final exposure for soil organisms. Ag and Zn nanomaterials were 303 
transformed by the wastewater treatment process into forms that were more thermodynamically stable 304 
under WWTP conditions, becoming largely or almost completely sulphidised or phosphatised.1, 2 305 
Crucially, ionic forms of Zn and Ag were also transformed, to a similar extent, producing essentially 306 
identical solid-phase speciation (coordination environment and oxidation state) in both the ENM- 307 
and ionic metal-treated sludges.1, 16  There is evidence that Ag nanomaterial sulphidation reduces 308 
toxicity in controlled laboratory studies32, 33 with similar passivation of Zn toxicity expected.34 309 
Durenkamp et al 2016 found that very little metal was leached during the six month aging process (in 310 
total over six month - 5 ug Zn/g and 2 ug Ag/g) and that there was no difference in speciation between 311 
the ENM and ionic metal forms of Ag and Zn.1, 23 However they did find that the inorganic N form did 312 
change; at the beginning of the aging process (i.e. fresh sludge) the majority was present in the form of 313 
NH4+ (a toxic form for earthworms) whereas NO3 dominated (up to 90%) at the end, but was the same 314 
in the ionic metal and ENM treatments.23 Earthworms in all soil-sludge treatments (control, ionic metal 315 
and ENM) gained similar weight over the duration of the exposure. However in this study, clear and 316 
significant differences were observed between the effects on earthworm reproduction when exposed in 317 
soils mixed with sludges derived from WWTP lines treated with either ENM or ionic metal forms. 318 
Although all earthworms gained weight in the three sludge treatments (control, ionic metal and ENM) 319 
over the duration of the exposure the ENM treated sludge depressed earthworm reproduction four times 320 
more than the same sludge treated with ionic metals. These results suggest the hypothesis that sludges 321 
showing similar solid-phase speciation of Zn and Ag should result in similar toxicity, regardless of the 322 
form of the spike, is incorrect. A similar conclusion was reached by Judy et al 2015 for effects on the 323 
legume Medicago truncatula.16  Judy et al 2015 used the same aged soil-sludge mixture as in this study 324 
and showed that the solid-phase speciation did not differ between ENM and ionic/bulk metal treatments.   325 
The solid-phase speciation was determined using X-ray absorption spectroscopy (XAS), which 326 
measures the oxidation state and local coordination environment of metals.  It is possible that although 327 
the metals had similar coordination environments, the mineral particles may have had different sizes, 328 
morphologies, crystal structure or other nano-scale attributes that differed between treatments that are 329 
not measured by XAS which is an Angstrom-scale characterisation.16  However given the greater 330 
toxicity of the ENM treatment, the U.S. regulations for ionic metals in sludge may not protect soil biota 331 
in the case of sludge derived from WWTP primarily receiving inputs of Zn and/or Ag in the form of 332 
ENMs. 333 
The sludges contained Zn, Ag and Ti added to the WWTP inflow in either the ENM or ionic metal form 334 
and previous work had shown that similar solid-phase speciation of Zn and Ag was found in the ENM 335 
and the ionic metal sludges.1, 16 Consequently the ionic metal effect data (EC50) for Zn and Ag were 336 
used to model the responses in both the ionic metal and ENM soil-sludge treatments.  Thus, the toxic 337 
effects observed in the ENM soil-sludge treatments were compared to predicted effects (EC25 or EC90) 338 
calculated from both the ionic metal and the ENM as-synthesised effect data. The Ti concentrations in 339 
the soil-sludge treatments were between 1180 and 2467 mg Ti/kg16 about 10 times lower than exposure 340 
concentration (10000 mg Ti/kg) where only slight effects of TiO2 ENMs were found on reproduction 341 
reported in toxicity studies.11 Hence in this study we assume that effects due to Ti were negligible and 342 
so were not included in the assessment of toxicity. The total Zn and Ag metal concentrations in the 343 
ENM and ionic metal sludge treatments were effectively the same. The total Zn and Ag soil 344 
concentrations were above the observed effect concentrations (EC25 or EC90) in the as-synthesised ionic 345 
metals soil exposures, particularly for Zn, but the predicted toxicity was not realised in the low-metal 346 
ENM or the ionic metal soil-sludge treatments. This could be expected when the exposure medium is 347 
considered; the sludge treatments had much higher organic matter content than the sandy loamy soil 348 
alone in which the as-synthesised metal exposures were conducted. It is widely established that ionic 349 
metals can show lower toxicity in soil with high organic matter.35, 36 Another consideration is the aging 350 
of metals in soil which is known to greatly influence their toxicity to organisms in soils. In the case of 351 
ionic metals the aging in soils has been well described typically showing metals to become less toxic to 352 
organisms as they become more associated and bound to the solid phase in soils.37, 38 39 Hence, a 353 
leaching-aging factor of 3 has been recommended to be applied to laboratory data in order to account 354 
for aging in the field and leaching of salts both of which will lower Zn toxicity.37  In this study the Zn 355 
concentration in the ENM soil-sludge treatment which caused a 90% effect (1690 mg Zn/kg) was about 356 
three times greater than the ionic metal Zn EC90 (605 mg Zn/kg). This means the safety factor applied 357 
to ionic metal response data may not be fully protective for Zn and certainly not Ag in cases where the 358 
metal is in the form of an aged or transformed ENM. Indeed Diez et al. 2015 showed that Ag ENM 359 
toxicity to earthworms increased over a one year time period (EC50 reduced from 1420 to 34mg Ag/kg) 360 
compared to a decrease in Ag ionic metal toxicity (EC50 increased from 49 to 104 mg Ag/kg)8 which 361 
emphasizes the limitations of short-term exposures to as-synthesised ENMs in predicting ultimate 362 
toxicity. Overall in this study the ENM as-synthesised exposures showed low ENM toxicity compared 363 
to ionic metals and did not predict the level of effect observed in the high-metal ENM treatment better 364 
than ionic metal exposures.  365 
Porewater measurements of metal in toxicity exposures may be used to explain variability in the 366 
solubility and thus the chemical reactivity of the metals across treatments. For ionic metals, increased 367 
solubility suggests greater bioavailability, though caution needs to be applied when considering 368 
porewater metal concentrations across soil types, due to the additional influence of variables such as 369 
the porewater pH and organic matter on metal availability.40, 41 However, the low variability of pH and 370 
dissolved organic carbon across the different sludge treatments suggests that the variability in the 371 
porewater metal concentrations could be usefully used as a surrogate for metal reactivity and hence the 372 
bioavailability of ionic forms. Accordingly, if the observed uptake and toxicity were due to uptake of 373 
ionic Ag and/or Zn, it would be expected that the porewater concentrations of at least one metal would 374 
be higher in the ENM treatments compared to the ionic treatments. A small number of studies that have 375 
investigated the aging processes of ENMs in soils have shown the progression of metal toxicity to be 376 
different from that of ionic metals and that over time ENMs will undergo dissolution into the porewater 377 
which has been linked with greater toxicity.6, 8, 42 However, porewater concentrations of both Zn and 378 
Ag were consistently higher in the ionic treatments. Therefore, conventional patterns of ionic metal 379 
bioavailability cannot explain the observed effects and accumulation. 380 
Organism body concentrations, in principle, provide the closest direct link to exposure since they 381 
integrate bioavailability and effects. Ag concentrations in the earthworm tissues varied significantly 382 
across the treatments; earthworms exposed to the ENM sludge accumulated more Ag than the ioinic 383 
metal treatments.  In the high-metal ENM treatment there was also significantly greater accumulation 384 
of Zn in the ENM treatment than the ionic treatment.  A similar pattern was observed by Judy et al 385 
2015., in M. truncatula where shoot concentrations of all three metals were higher in the ENM treatment 386 
than ionic/bulk, although only statistically significant for Zn.16 Total Zn concentrations in the 387 
earthworms were within the physiological limits for earthworm Zn regulation,31 and showed no 388 
relationship to total soil concentrations or to effects. However, the possibility of effects due to Zn cannot 389 
be precluded, as the earthworms may become stressed as a result of the energy requirements to maintain 390 
a physiologically stable body concentrations in the face of a Zn stress.43 Total Ag concentrations in 391 
earthworms did show a strong relationship with effect, across both the ENM and ionic metal treatments. 392 
The effects of the soil-sludge treatments were more similar to the ionic metal as-synthesised response 393 
curve compared to the ENM as-synthesised response. However as the effects in the high metal ENM 394 
treatment were observed at slightly lower total Ag concentrations in earthworms than those expected 395 
from the as-synthesised ionic metal or ENM exposures it would suggest that either both Ag and Zn 396 
contribute to the effects or that the transformations of the metals in the WWTP system increase their 397 
toxic potency relative to the as-synthesised forms. For example, it is possible Ag2S particles are being 398 
taken up and entering different locations in cells and then undergoing dissolution locally. There is 399 
evidence for the apparent changing toxicity of Ag ENMs in soils to earthworms; Diez et al. 2015 found 400 
that the EC50 (as total Ag concentration in the earthworms) for Ag initially spiked into a soil in the ENM 401 
form decreased from 64 µg Ag/g total Ag concentration in earthworms on initial toxicity testing to 7 402 
µg Ag/g after incubation of Ag in the soil for a year.8 This trend was interpreted as being due to 403 
differential uptake of Ag ENMs and ionic Ag, coupled with gradual dissolution of Ag ENMs to ionic 404 
Ag over the incubation period. Thus, it is not possible to draw definite conclusions regarding the relative 405 
role of Zn and Ag in exerting toxic effects in the sludge treatments, since their toxic potencies may be 406 
dependent upon their chemical speciation. Furthermore, the differences in toxic effect observed across 407 
the ionic and ENM treatments suggest that the toxic potencies of the forms in the final sludges have 408 
been influenced by the nature of the starting metal form (i.e. ionic metal or ENM), despite the 409 
observation that the bulk phase speciation was similar in both sludge treatments. Indeed given that 410 
toxicity was unexpectedly highest in the high-metal ENM treatments, more research is required into the 411 
physicochemical form and distribution of the metals in the sludges to draw more definitive links with 412 
the observed toxicity. 413 
This study was designed to represent the worst case scenario for ENM contamination associated with 414 
sludge application to soils.  At present the maximum allowable concentrations are only set for Zn and 415 
these are to provide protection against the toxicity of metal salt forms. Although the metal salt exposures 416 
over-predicted toxicity for most of the sludge treatments it more closely predicted the ENM toxicity 417 
following transformation and aging. This study clearly shows as-synthesised ENM exposure studies do 418 
not accurately predict the toxicity of ENMs in environmentally realistic scenarios (aged and 419 
transformed after WWTP).  Studies which show ENMs to be more toxic than the ionic metal are rare 420 
but there is a growing body of evidence that aging ENMs8 and/or exposure in more environmentally 421 
realistic forms such as sludge treated with ENMs16-18 can result in greater toxicity than when treated 422 
with the ionic/bulk metal forms.   Although previous studies have demonstrated that sulifdation and 423 
phosphatation of Ag and ZnO nanomaterials greatly reduces their toxicity,14, 34 44 ENMs can be more 424 
toxic than ionic metals after undergoing similar transformations.  When both materials were aged the 425 
ENM metal forms were more toxic than the metal salt form suggesting that current Zn limits may not 426 
protect soil biota if the majority of metals enter the WWTPs from which these sludges are produced in 427 
the ENM form. 428 
 429 
 430 
Tables 431 
Table 1: Total soil Ag, Zn and Ti concentrations, pH values and dissolved organic carbon concentration 432 
in porewaters and the water holding capacity for each of the soil-sludge mixtures and the sandy loam 433 
control soil (Woburn).† 434 
†Each value represents mean ± one standard deviation ‡Data from Judy et al 2015.16 n.d. means that 435 
the measurements were not determined. αENM = engineered nanomaterials 436 
 437 
 438 
 439 
 440 
Treatment 
Total Ag 
(mg Ag/kg 
dry mass) 
Total Zn 
(mg Zn/kg 
dry mass) 
Total Ti 
(mg Ti/kg 
dry mass)‡ 
Porewater 
pH 
Porewater 
dissolved organic 
carbon 
(µg/ml) 
Water 
holding 
capacity 
(ml/100 g) 
Control  2.84 ± 0.35 321.5 ± 7.19 1180 ± 32.7 7.10 ± 0.03 283 ± 24.7 94 
High metal ionic metal  111 ± 7.75 1600 ± 52.3 2365 ± 61.8 7.02 ± 0.04 304 ± 11.5 92 
High metal ENMα  94.3 ± 4.77 1360 ± 64.8 2467 ± 181 7.06 ± 0.06 299 ± 6.83 92 
Low metal ionic metal  71.2 ± 2.21 985 ± 34 n.d. 7.30 ± 0.06 272 ± 1.5 93 
Low metal ENM  51.6 ± 2.42 853 ± 35.7 n.d. 7.09 ± 0.08 314 ± 15 93 
Soil control 0.09 ± 0.02 39.2 ± 0.71 n.d. 7.31 ± 0.08 119 ± 11.1 32 
 441 
Table 2: The survival, percentage weight change, reproduction and  total Zn and Ag concentrations in 442 
earthworms for the soil-sludge treatments and the sandy loam control soil (Woburn).† 443 
Treatment % Survival % Weight change 
Reproduction 
(Juveniles per worm per 
week) 
Total Zn 
concentration in 
earthworms 
(µg Zn/g) 
Total Ag 
concentration in 
earthworms 
 (µg Ag/g) 
Control 97.5  ± 5a 27.9 ± 11.5a 2.45 ± 0.318a 116 ± 14.9a 0.881 ± 0.129b 
High metal ionic  metal 100a 58.1 ± 5.02a 1.90 ± 0.617a 86.9 ± 26.4b 3.28 ± 1.86c 
High metal ENMα 75 ± 2.65a 41.1 ± 13.1a 0.236 ± 0.277b 113 ± 18.3a 8.99 ± 2.75d 
Low metal ionic  metal 97.5  ± 5a 48.1 ± 29.4a 1.71 ± 0.367a 122 ± 11.8a 5.16 ± 0.925cd 
Low metal ENM 100a 57.4 ± 18.1a 1.688 ± 0.483a 118 ± 17.5a 4.62 ± 1.55bc 
Soil control 100a -4.46  ± 4.92b 0.969 ± 0.267a 90.3 ± 7.42b 0.036 ± 0.011a 
†Each value represents mean ± one standard deviation; Survival, weight change and reproduction had 444 
n=4, Zn, Ag concentration: n=12. Means with the same superscript letters are not significantly 445 
different (p>0.05). αENM = engineered nanomaterials 446 
 447 
 448 
 449 
 450 
 451 
Figure captions 452 
Figure 1: The normalised reproduction response (normalised to reproduction in the control soil-sludge) 453 
with increasing soil (a) Zn or (b) Ag concentrations. The data points are response data from the five 454 
soil-sludge treatments. Solid line = ENM concentration-response curve, dashed line = ionic metal 455 
concentration-response curve for Zn or Ag in sandy loam control soil. The grey shaded areas around 456 
the response curves represent the 95% confidence intervals around the curves. The black star represents 457 
the EU limit (86 / 278 /EEC) (max. 300 mg/kg) and the white star the US limit22 (1400 mg/kg) for Zn 458 
in soil from sludge application to land. 459 
 460 
Figure 2: The normalised reproduction response (normalised to reproduction in the control soil-sludge) 461 
with increasing total (a) Zn or (b) Ag concentrations in earthworms. The data points are response data 462 
from the five soil-sludge mixtures. Error bars are the standard deviations of total metal concentrations 463 
in earthworms from three replicate earthworms in each treatment replicate. The model fits are from the 464 
as-synthesised ENM and bulk metal Zn and Ag exposure data. Solid line = ENM concentration-465 
response curve, dashed line = ionic metal concentration-response curve for Zn or Ag sandy loam control 466 
soil. The grey shaded areas around the response curves represent the 95% confidence intervals around 467 
the curves. Vertical grey lines = limits for Zn regulation by earthworms.31 468 
 469 
Figure 3: The total and ultra-filtered porewater concentrations of (a) Zn and (b) Ag in the soil-sludge 470 
mixtures extracted from the soils at the end of the toxicity exposure. Different letters denote significant 471 
differences between the total and ultra-filtered metal concentrations in the soil-sludge treatments. 472 
Asterisks next to the letters indicate where the total metal concentration in the porewater was 473 
significantly different from the ultra-filtered porewater concentration for the same soil-sludge treatment. 474 
Error bars are standard deviations. 475 
 476 
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